Isoniazid (INH), a frontline antitubercular drug, inhibits InhA, the enoyl reductase from Mycobacterium tuberculosis, by forming a covalent adduct with the NAD cofactor. Here, we report that the INH-NAD adduct is a slow, tight-binding competitive inhibitor of InhA. Demonstration that the adduct binds to WT InhA by a two-step enzyme inhibition mechanism, with initial, weak binding (K ؊1 ‫؍‬ 16 ؎ 11 nM) followed by slow conversion to a final inhibited complex (EI*) with overall K i ‫؍‬ 0. 75 A ttempts to treat tuberculosis, a disease that kills more than two million people every year, are hindered by the spread of multidrug-resistant strains of Mycobacterium tuberculosis (MDRTB), the causative agent, and by the increased susceptibility of HIV-positive individuals to this disease (1-4). Although isoniazid (INH; Scheme 1) has been the most effective and widely used drug for the treatment of tuberculosis since the 1950s, the mode of action of this compound is still not completely understood. INH is a prodrug that is activated by the mycobacterial catalase-peroxidase enzyme KatG (Scheme 1) (5-8) and a substantial fraction of all clinical isolates that are resistant to INH result from KatG mutations (2, 9-11). Consequently, compounds that inhibit the ultimate molecular target(s) of INH, but that do not require activation by KatG, have tremendous promise as novel drugs for combating MDRTB.
A
ttempts to treat tuberculosis, a disease that kills more than two million people every year, are hindered by the spread of multidrug-resistant strains of Mycobacterium tuberculosis (MDRTB), the causative agent, and by the increased susceptibility of HIV-positive individuals to this disease (1) (2) (3) (4) . Although isoniazid (INH; Scheme 1) has been the most effective and widely used drug for the treatment of tuberculosis since the 1950s, the mode of action of this compound is still not completely understood. INH is a prodrug that is activated by the mycobacterial catalase-peroxidase enzyme KatG (Scheme 1) (5-8) and a substantial fraction of all clinical isolates that are resistant to INH result from KatG mutations (2, (9) (10) (11) . Consequently, compounds that inhibit the ultimate molecular target(s) of INH, but that do not require activation by KatG, have tremendous promise as novel drugs for combating MDRTB.
Two enzymes, InhA and KasA, have been proposed as targets for INH. Both are members of the type II dissociated fatty acid biosynthesis pathway (FASII) in M. tuberculosis (Scheme 2), consistent with the observation that INH interferes with the biosynthesis of mycolic acids, very long chain fatty acid components of the mycobacterial cell wall. InhA, an enoyl reductase that catalyzes the NADH-dependent reduction of long chain trans-2-enoyl-acyl carrier proteins (ACPs), was first identified as a target by Jacobs and coworkers (6, 12) who observed mutations in the inhA gene in INH-resistant clinical isolates and identified a point mutant (S94A) that conferred resistance to INH and ethionamide in Mycobacterium smegmatis and in Mycobacterium bovis. Subsequently, Blanchard, Sacchettini, and coworkers (13) (14) (15) demonstrated that InhA was inhibited in vitro by a covalent adduct formed between activated INH and the nicotinamide head group of NAD (Scheme 1). InhA mutations observed in INH-resistant clinical isolates were found to be localized to the cofactor binding site and were shown to result in decreased affinity of the purified enzyme for NADH (12, 16) , consistent with the hypothesis that binding of NADH to the enzyme precedes adduct formation. In addition, Vilcheze et al. (17) used a temperature-sensitive mutation in the inhA gene to show that the phenotypic response to InhA inactivation in M. smegmatis was identical to that caused by treatment with INH, thereby validating InhA as a target for drug discovery. However, although there is convincing evidence that InhA is inhibited by INH, Barry and coworkers (18) have also proposed that KasA, one of three ketoacyl synthases in the FASII pathway (Scheme 2), is a target for INH in vivo. Subsequent experiments involving the effect of drugs on gene (19, 20) and protein expression (21) , and studying the effect of InhA and KasA expression on drug resistance (20, 22) , have highlighted the apparent complexity in the mode of action of INH.
To better understand the molecular basis for INH resistance in clinical isolates carrying InhA mutations, we purified and isolated the INH-NAD adduct and quantified its affinity toward WT and drug-resistant mutants. Our studies show that INH-NAD is a slow, tight-binding competitive inhibitor of InhA that binds with an overall dissociation constant of K i ϭ 0.75 Ϯ 0.08 nM. Importantly, the inhibition parameters for I21V and I47T, two InhA mutations detected in INH-resistant clinical isolates, and S94A, the mutant identified by Jacobs and coworkers, are similar to those for WT enzyme, indicating that resistance in these cases cannot be simply explained in terms of a decrease in the ability of InhA to be inhibited by INH. mM Na 2 HPO 4 (Pi) buffer, pH 7.5, at room temperature. Following InhA inhibition (2 h), the inactivation reactions were concentrated to 1 ml and the inhibited protein was purified by gel filtration using a 30 ϫ 1-cm Sephadex G-25 column preequilibrated with Pi buffer. The fractions containing the InhAinhibitor complex were pooled and concentrated. Urea was added to a final concentration of 6 M and the sample was applied to a mono Q HR5͞5 FPLC column (Pharmacia). The adduct was eluted by using a linear gradient from 0 to 1 M KCl in 10 mM triethanolamine, pH 7.4, and was directly used for the inhibition experiments (23) . Purified INH-NAD had a UV-visible absorbance spectrum similar to that reported earlier with max at 260 and 326 nm with an A 260 ͞A 326 ratio of 3.8-3.9 (24) . RP-HPLC analysis of the adduct was performed by using an analytical C18 Vydac column running a 0-20% gradient over 30 min with 20 mM NH 4 ϩ CH 3 COO Ϫ ͞1.75% CH 3 CN as buffer A and 95% CH 3 CN͞5% H 2 O as buffer B. Adduct purified by ion exchange chromatography exhibited two peaks by HPLC that likely represent the two forms of INH-NAD assigned as the B and E species by Wilming and Johnsson (25) . Reanalysis of these two fractions after HPLC demonstrated that they were unstable, as judged by changes in their UV-visible absorption as a function of time and the appearance of multiple peaks on further HPLC analysis, suggesting that the conditions used for HPLC may promote the interconversions described by Wilming and Johnsson. Importantly, adduct purified by ion exchange chromatography maintained a constant A 260 ͞A 326 ratio and exact mass (electron spray ionization MS) for Ͼ24 h. A similar method was used to prepare the adduct derived from benzoic hydrazide, an analog of INH, and NADH (BH-NAD), which also had max at 260 and 326 nm and an A 260 ͞A 326 ratio of 3.8-3.9. Like INH-NAD, the BH-NAD proved to be unstable after HPLC but was stable when purified by ion exchange chromatography. Adduct concentrations were determined by using 260 Slow-Binding Inhibition Kinetics. trans-2-Dodecenoyl-CoA (DDCoA) as well as the WT and mutant InhA proteins were as used in a previous study (26) . Kinetic assays were carried out on a Cary 100 Bio spectrophotometer (Varian) in Pi buffer at 25°C by following the oxidation of NADH to NAD Assays at lower enzyme concentrations were stabilized by the addition of 8% (vol͞vol) glycerol and BSA (0.1 mg͞ml). Reactions were allowed to proceed until the progress curves became linear, indicating that the steady-state velocity had been attained. The resulting progress curves were fitted to the integrated rate Eq. 1 for slow binding inhibition (27, 28) by nonlinear regression analysis. approached the steady state only after a significant fraction (10-20%) of the DD-CoA had been consumed. Consequently, data were truncated at an A 340 value where the rate of DD-CoA reduction in the absence of inhibitor had decreased 10%, ensuring that substrate depletion did not significantly contribute to curvature in the progress curves.
Experimental Procedures
Results were analyzed in terms of a two-step inhibition mechanism in which the initial rapid binding of the inhibitor to enzyme is followed by a second slow step that results in the final enzyme-inhibitor complex (Scheme 3). The following equations (29) were used to obtain the equilibrium and kinetic constants for the inhibition.
K Ϫ1 app and K i app are the apparent dissociation constants for the initial enzyme-inhibitor complex (EI) and the final enzymeinhibitor complex (EI*), respectively. Because inhibition is competitive with respect to both DD- (29) . Kinetic parameters for WT and mutant InhA enzymes obtained through regular steady-state kinetics were similar to the values reported earlier (20, 27) ; the K mDD-CoA values used were 46, 70, 36, 104, and 307 M for WT, I21V, I47T, S94A, and M161V, respectively, and the K mNADH values were 66, 120, 152, and 250 M and 1.3 mM, respectively.
Measurement of koff.
The dissociation rate constants of INH-NAD from WT InhA and the I47T mutant were determined in dialysis experiments with radiolabeled adduct. The enzyme was inhibited by INH and 32 P-NAD (1 Ci͞mol; 1 Ci ϭ 37 GBq), concentrated and purified by gel-filtration chromatography. An excess of BH-NAD was added to the dialysis buffer (final concentration 25 nM in 22 ml) to displace the INH-32 P-NAD adduct from the inhibited InhA (0.5 nM, 500 l), which was placed in the dialysis bag. The dialysate was sampled at various times to measure the displaced INH-32 P-NAD. The data were fitted to Eq. 5, where k off is the dissociation rate constant, N t are the radioactive counts (cpm) at time t, and N 0 are the final radioactive counts (cpm).
Results Adduct Synthesis. The INH-NAD adduct was purified by isolating inhibited enzyme from inactivation reactions containing INH, NADH and Mn 2ϩ , followed by release of the adduct by denaturation and purification by ion exchange chromatography (23) . INH-NAD adduct purified by using aqueous buffers proved sufficiently stable (Ͼ24 h) for the inhibition studies. While we were investigating the stability of the INH-NAD adduct, discussions with W. van der Donk (personal communication) led to the hypothesis that an adduct formed from benzoic hydrazide, thereby lacking the pyridine nitrogen, might be more stable than the INH-NAD adduct. The BH-NAD adduct was synthesized by using the procedure described for INH-NAD except that complete inhibition of 0.3 M InhA occurred with t 1/2 ϭ 24 h. The BH-NAD absorption spectrum remained constant for Ͼ48 h, supporting the hypothesis that this adduct is more stable than INH-NAD. (Fig. 1 A) .
Higher concentrations of INH-NAD cause the steady state to be reached more quickly but give a lower v s . This behavior indicates that INH-NAD is a slow, tight-binding reversible inhibitor (27) that interacts rapidly with the enzyme to form an initial complex, EI, that then slowly converts to a more stable (i.e., more strongly bound) final inhibited complex, EI* (Scheme 3). Individual progress curves for the reaction of WT InhA ( Fig. 1 ) and mutant InhAs (data not shown) fitted well to Eq. 1, which describes this inhibition mechanism, allowing values for v i , v s , and k obs to be determined for each inhibitor concentration. Consistent with the mechanism shown in Scheme 3, k obs displayed a hyperbolic dependence on [INH-NAD] (Fig. 1B) , and nonlinear curve fitting by using Eq. 2 gave values for k 2 , k Ϫ2 , and K Ϫ1 app (Table 1) . To accurately fit the data for I47T, the value of k Ϫ2 , given by the intercept on the y axis, was constrained to the value of k off (0.013 min
Ϫ1
) obtained in the radioactive dialysis experiments (see below). Because the rapid, reversible binding of EϩI to form EI is also manifest as an instantaneous effect of [I] on the initial reaction velocity v i , K Ϫ1 app can also be determined by fitting the dependence of v i on [I] with Eq. 3 (Fig. 1C) . Finally, K i app , the overall apparent dissociation constant for the dissociation of EI* to free E and free I was obtained by using Eq. 4 to fit the dependence of v s ͞v i on [I] (Fig. 1D) . As expected, the values of K i app for each enzyme are smaller than the corresponding values of K Ϫ1 app , indicating that the interaction of the adduct with the enzyme is substantially stronger in EI* than in EI ( Table 1) .
As expected (15) , k obs was observed to decrease with an increase in the concentration of either substrate (data not shown), showing that inhibition is competitive toward both substrates in agreement with previous studies (30) . To correct for the concentration of substrates in the inhibition assays, a factor of 1 ϩ [S 1 ]͞K m1 ϩ [S 2 ]͞K m2 was used to calculate the true inhibition constants, K Ϫ1 and K i , from the apparent inhibition constants, K Ϫ1 app and K i app (29) . The corrected values of K Ϫ1 and K i are given in Table 1 , together with the value of k 2 ͞K Ϫ1 , the second order rate constant for the reaction of EϩI to form EI*.
Direct Determination of koff. Time-dependent inactivation of WT InhA and the mutant proteins by using varying concentrations of BH-NAD adduct showed that this compound is also a slow, 
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tight-binding inhibitor. These preliminary data indicated that BH-NAD was a suitable competing ligand for use in the radioactive dialysis experiments. Subsequently, the dissociation rate constant (k off ) of INH-NAD from WT InhA and the I47T mutant were independently determined by using radiolabeled ligand (Table 1) .
Discussion
In this work, we have purified and isolated the INH-NAD adduct and quantified its affinity toward WT and drug-resistant mutants of InhA. I21V and I47T are clinically observed drug-resistant mutants (16, 31) , while the S94A mutation has been shown to confer resistance to INH in M. smegmatis, M. bovis, and M. tuberculosis (6) . The M161V InhA mutant was identified in a triclosan-resistant strain of M. smegmatis (32) and was shown to be inhibited significantly less rapidly by activated INH than the WT enzyme. M161V InhA is therefore of interest because the latter observation implies that exposure to triclosan, an antibacterial additive in many consumer products, could stimulate the emergence of INH-resistant InhA in M. tuberculosis (33, 34) .
Interaction of INH-NAD with WT InhA.
Our data show that INH-NAD acts as a slow, tight-binding competitive inhibitor of WT InhA. The results indicate a mechanism of at least two steps, in which an initial enzyme-inhibitor complex EI is formed rapidly and then slowly converts to a final inhibited complex EI*. The inhibition constant for the formation of EI is K Ϫ1 ϭ 16 Ϯ 11 nM, whereas for the overall inhibition of the enzyme K i ϭ 0.75 Ϯ 0.08 nM, indicating that conversion of EI to EI* is accompanied by a significant [ϪRTln(K Ϫ1 ͞K i ) ϭ Ϫ1.8 kcal͞mol] increase in the strength of interaction with the adduct (Fig. 2) . Importantly, the analysis of the k obs versus [I] data (k Ϫ2 ϭ 0.016 Ϯ 0.007 min Ϫ1 ) is identical within experimental error to the value of k off determined directly by monitoring release of radiolabeled adduct from the enzyme (0.017 Ϯ 0.001 min Ϫ1 ). The close agreement between k Ϫ2 and k off supports the notion that the compound isolated from the inhibited enzyme and used in the inhibition experiments is identical to the species that initially inhibits the enzyme. The slow rate of adduct dissociation from the enzyme, characterized by t 1/2 ϭ 43 min, may explain why inhibition by INH had previously been considered irreversible (7, 35) .
Two previous estimates of the affinity for INH-NAD binding to InhA led to conflicting conclusions. Wilming and Johnsson (25) reported that the INH-NAD adduct was a competitive inhibitor of InhA with a K I of 100 Ϯ 50 nM, determined by initial rate assays. K I determined in this way is actually an IC 50 for the initial interaction of adduct and enzyme and is therefore related to K Ϫ1 determined in the present work (16 Ϯ 11 nM) by the expression IC 50 
, and K m2 refer to the concentrations and K m values for octenoyl-CoA and NADH used in their study. In a separate study, Lei et al. (24) estimated a K d of Ͻ0.4 nM based on the observation that no significant dissociation of the adduct could be detected from 0.36 M inhibited complex. This approach measures the dissociation of I from EI*, and, consistent with this notion, their estimate for K d compares well with our value for K i (0.75 Ϯ 0.08 nM), which directly corresponds to the dissociation constant for EI*. Consequently, K Ϫ1 and K i determined in the present work provide an explanation for the two apparently conflicting estimates for the binding of the INH-NAD adduct to WT InhA published previously.
Interaction of INH-NAD with Mutant InhAs.
Extension of the inhibition analysis to the mutant enzymes enabled us to directly probe the molecular basis for INH resistance. Our studies reveal that INH-NAD is also a slow, tight-binding inhibitor of the mutant enzymes. For I21V and I47T, the K i values are very close to the value obtained for WT InhA. In addition, the values of K Ϫ1 for I21V and I47T are, if anything, slightly lower than that observed for the WT enzyme, while values of the other rate constants for enzyme inhibition, notably k 2 , k 2 ͞K Ϫ1 and k Ϫ2 , as well as k off for I47T determined by dialysis, are also very similar. The similarities in the interaction of INH-NAD with WT, I21V, and I47T InhA (Table 1) can clearly be seen in Fig. 2 , in which free energy profiles have been constructed for the binding of INH-NAD to each enzyme. These results show that no significant differences exist between the inhibition of WT, I21V, and I47T InhA by INH in vitro that could account for the correlation between these InhA mutations and drug resistance in vivo.
For S94A, K i and K Ϫ1 are Ϸ5-fold higher than for WT InhA. However, k 2 , the first order rate constant for the conversion of EI to EI*, and k 2 ͞K Ϫ1 , the second order rate constant for formation of EI from EϩI, are identical within experimental error to the values for WT InhA. Comparison of INH-NAD binding to S94A and WT InhA is shown graphically in Fig. 2 , which highlights the similarities in the interaction of adduct with both enzymes. Based on these data, it seems unlikely that the small differences in K i and K Ϫ1 are sufficient to account for the 80-fold increase in MIC observed in strains of M. smegmatis containing the S94A InhA mutation (21) . Indeed, because the concentration of adduct within the cell is presumably at least equivalent to that of the enzyme (1-10 M), small changes in nM inhibition constants are unlikely to have any significant effect on the fraction of uninhibited enzyme.
Whereas K i for M161V is similar to that observed for WT InhA, k 2 ͞K Ϫ1 , the second order rate constant for the reaction of EϩI to form EI*, is substantially reduced. This effect is entirely due to an increase in K Ϫ1 ; k 2 , the rate constant for conversion of EI to EI*, is unchanged. Thus, whereas the final inhibited complexes (EI*) for WT and M161V InhA have similar stabilities, the rate of EI* formation for M161V InhA is significantly slower because of the weaker interaction of INH-NAD in the initial EI complex. A graphical representation of the M161V binding data is shown in Fig. 2 , illustrating that the only significant difference in the interaction of INH-NAD with all four enzymes is the increase in free energy of the EI state for M161V and the corresponding increase in the free energy of the transition state for conversion of EI to EI* for this mutant. Although we do not know the structural change that accompanies conversion of EI to EI*, it is clear that the M161V mutation causes a 10-fold reduction in the affinity of the INH-NAD adduct in the EI complex but not in EI*. This destabilization persists in the transition state for conversion to EI* but is largely relieved in EI* itself. This observation suggests that the M161 side chain makes important contacts with the adduct when it first binds to the enzyme but that formation of EI* reduces the importance of this interaction, possibly due to movement of M161 away from the inhibitor.
Mechanism of Drug Resistance. Previous studies, in which it was shown that the InhA mutations resulted in a decreased affinity of the enzyme for NADH, supported an attractive hypothesis that binding of NADH to the enzyme was a prerequisite for formation of the INH-NAD adduct and that drug resistance arose from decreased occupancy of the enzyme by NADH at physiologically relevant NADH concentrations (10 M). Indeed, K d for the interaction of NADH with InhA is raised 23-, 60-, and 141-fold for I21V, S94A, and I47T, respectively, compared with WT enzyme (16) . However, these changes in NADH affinity do not carry over into significant alterations in affinity of INH-NAD for either enzyme, and the present data support a model in which the INH-NAD adduct is formed initially in solution and then binds to the enzyme. This conclusion is supported by the observation that the pseudo-first order rate constants for the inactivation of I21V, I47T, and S94A by INH, in the presence of 10 M NADH and the INH activator KatG or Mn 2ϩ , are only 1.2-to 1.5-fold slower than the rate of inactivation of WT InhA (16, 34) . Furthermore, the maximum rate we have observed for InhA inactivation in the presence of activated INH when INH, KatG, and NADH were preincubated for 5 h before InhA addition (t 1/2 Ϸ 5 min; data not shown) is close to k 2 determined in the present work (0.13 Ϯ 0.01 min Ϫ1 ), again supporting the notion that the INH-NAD adduct does not form on the enzyme. Finally, WT InhA is inactivated at similar rates when NADH (70 M) is replaced by NAD ϩ (75 M) in the inactivation reaction (ref. 7 and data not shown), and because the affinity of NAD ϩ for InhA is very low (K d Ͼ 250 M) (13), this result also argues against the notion that cofactor binding precedes adduct formation in the enzyme's active site (25) .
In the present study, only the M161V mutation has a significant impact on the interaction of INH-NAD with the enzyme. The alteration in the stability of the intermediate EI complex can completely account for the significant reduction (56-fold) reported in the rate of inactivation of this mutant by activated INH (34) . However, even for this mutant, the overall potency of inhibition by INH-NAD is decreased only Ϸ5-fold compared with WT InhA.
Our results clearly establish that the INH-NAD adduct is an extremely potent inhibitor of InhA, with K i Ϸ1 nM. However, the similarity in kinetic and thermodynamic parameters for the interaction of INH-NAD with WT, I21V, I47T, and S94A InhA indicates that INH-resistance observed in bacterial strains harboring the latter mutations does not arise from an alteration in the affinity of the adduct for these enzymes. There are at least two distinct hypotheses for how these apparently contradictory observations might be reconciled. Firstly, it is possible that InhA is inhibited by INH in vivo, but that this inhibition is unrelated to the antimycobacterial activity of INH and, thus, mutations in InhA are inconsequential to the mechanism of drug resistance. This explanation is consistent with the body of work that points to KasA as the target of INH action but suffers from the major weakness that it requires both the high potency with which INH-NAD inhibits InhA and also the multiple examples of mutations in InhA found in INH-resistant strains to be essentially irrelevant to INH activity. An alternative explanation is suggested by the results of Bloch et al. (36) , who have described the purification of a high MW FASII complex from M. smegmatis that catalyzes the acyl carrier protein (ACP)-dependent synthesis of long chain fatty acids and that contains both InhA and MabA (FabG1) (37, 38) . This result suggests that InhA interacts directly with other components of the FASII pathway. If these interactions serve to modulate the catalytic properties of InhA, then it is possible that the resistance-associated mutations in InhA affect the sensitivity of the enzyme to INH inhibition only in the context of the multienzyme complex, and not when InhA is tested in isolation as is the case in our in vitro assays. In addition, the presence of both InhA and KasA within the same noncovalent complex might ultimately account for the two apparently conflicting proposals concerning the in vivo target of INH.
In support of the hypothesis that heterotypic associations might modulate the sensitivity of InhA to inhibition, there is evidence for allostery in ligand binding to InhA. Results from cross-linking studies and analytical ultracentrifugation indicate that adduct binding to InhA modulates contacts at the dimerdimer interface in the InhA tetramer (data not shown). In addition, Basso et al. (16) 
